Human immunodeficiency virus variation is extensive and is based on numerous mistakes in reverse btcription. All retrovirus replication requires two strand transfers (growing point jumps) to synthesize the complete provirus.
ible in structure and action (H. Buc, personal communication). I shall also consider in this paper the hypotheses (i) that misincorporation promotes strand transfers (13) and (ii) that misincorporation accompanies strand transfers (14) .
Retroviruses are a family of animal viruses that alternate their genetic material between RNA in the virion and DNA in the infected cell (15, 16) . In addition, all retrovirus virions contain two identical molecules ofvirion RNA-the dimerRNA. The DNA form of a retrovirus, the provirus, is larger than the viral RNA form (Fig. 1) .
During reverse transcription, promoter/ enhancer sequences found at the 3' end of viral RNA within the unique 3' RNA sequences (u3) are duplicated at the 5' end of viral DNA to form the U3 DNA sequences (capital U indicates DNA rather than RNA), and downstream polyadenylylation sequences at the 5' end ofviral RNA within the unique 5' RNA sequences (uS) are duplicated at the 3' end of viral DNA to form the U5 DNA sequences. These duplications result in the formation of long terminal repeats (LTRs) at both ends ofthe proviral DNA and provide autonomy in the cis-acting sequences needed for transcription and replication, which are the same for retroviruses. This autonomy results from the virus U3 sequences containing promoter/enhancer elements that are recognizable by cellular transcription factors and 3' LTR sequences that are recognizable by cellular polyadenylylation factors.
The duplications in the LTRs are a result of two jumps, switches, or transfers of the reverse transcriptase growing point from one end of each template to the other end during replication (17) (Fig.  2) . (In this article, I use the term strand transfers for these processes.)
Retrovirus genetic variation consists of base-pair substitutions, frameshifts, deletions, deletions with insertions, homologous recombination, and nonhomologous recombination. I shall discuss, in relation to the strand-transfer hypothesis, minusstrand and plus-strand DNA primer transfers and each of these types of genetic variation. All of these processes with the exception of some deletions with insertions and the two types of recombination involve only one molecule of the retrovirus dimer RNA (J. S. Jones, R. W. Allan, and H.M.T., unpublished data).
Another way to state the strandtransfer hypothesis is that, instead of steady processive polymerization, the reverse transcriptase growing point frequently pauses and enters a metastable state, leaving this metastable state to continue polymerization either at the next base or at another base at a different location. This transfer can be a result of the growing point moving or of another portion ofthe template displacing the template at the growing point. Polymerization at locations other than the next base gives rise to all of these types of variation except some base-pair substitutions that require misincorporation before continuing polymerization. Other base-pair substitutions involve dislocation (18 The transferred minus-strand DNA can then be used as a primer to copy the viral RNA up to the end of the remaining 5' RNA sequences, thus generating most of the minus-strand DNA.
After the minus-strand DNA is elongated through the R U3 regions, a reverse transcriptase RNase H activity cleaves the RNA template near its 3' endjust after a polypurine tract (ppt). The 3' end of the viral RNA ppt forms a primer for plusstrand DNA synthesis. Elongation from this point occurs. At some point during the copying of U5 and the tRNA primer, the reverse transcriptase growing point transfers to the 3' end ofthe minus-strand DNA molecule, annealing to the complementary PBS sequences. [In =20% of cases the strand transfer happens upon reaching the end of the pbs sequences in the minus-strand tRNA primer (G. (25, 26) , perhaps because it lacks necessary accessory proteins and nuclease activities (27) .
I propose that after misincorporation, the surrounding sequence determines whether or not there is polymerization at the base adjacent to the mismatch, thereby maintaining the reading frame, or transfer to another position on the template, forming a deletion, insertion, or recombinant. Reverse transcriptases appear to differ from other DNA polymerases more by the frequency of extension from a misincorporation than from the frequency of misincorporation itself (18, (22) (23) (24) (7, 18) , where the frameshift involves a base-pair substitution incorporating the nucleotide next to the run, is a good illustration of the process.
Deletions
Deletions in retrovirus replication, as in many other systems, usually involve removal of nucleotides between small direct repeats (Fig. 3) (29-31) . In when the reverse transcriptase growing point scans downstream for an identical sequence rather than polymerizing through the misincorporation (13) . However, the high rate, almost 100%, of deletions of long tandem repeats makes it unlikely that misincorporation is required for all deletions (32).
Deletions with Insertions
In retrovirus replication, it is not uncommon to find extra nucleotides inserted in the deletion, substituting for the deleted bases (31 (35) .
Homologous Recombination
Homologous recombination during retrovirus replication almost always occurs during the original minus-strand DNA synthesis (36, 37) . Homologous recombination results from the reverse transcriptase growing point transferring to an identical sequence on the other RNA molecule of the dimer RNA. Homologous recombination can be the result of usual reverse transcriptase growing point transfer, called copy-choice, or the result of an RNA break that forces the reverse transcriptase growing point to transfer, called forced copy-choice (38, 39) . It has also been proposed that misincorporation is necessary for recombination (14) . This hypothesis is based on experiments with purified HIV-1 reverse transcriptase, which showed that when the reverse transcription growing point transfers from RNA to RNA at a blunt-ended RNADNA hybrid molecule there is addition of an untemplated nucleotide. Since such reverse transcription growing point transfers do not usually occur at a blunt end, except possibly during forced copy-choice recombination, the hypothesis is unlikely to apply generally. In fact, when a modification of the system described by Zhang and Temin (34) was used, direct sequencing of recombinants in a region of sequence identity in the midst of nonidentical sequences showed no base-pair substitutions in 22 The transfer is usually to a short region of sequence identity in the otherwise nonidentical sequence (33, 34) . This process has given rise to naturally occurring highly oncogenic retroviruses, which contain an insertion of cellular protooncogene sequences (34, 42) .
Increasing the size of the region of sequence identity in the midst of an otherwise nonidentical sequence increases the rate of such nonhomologous recombination (J. Zhang and H.M.T., unpublished data). At its maximum, however, the rate of such nonhomologous recombination is 1000 times less than that of homologous recombination. This result, together with other evidence that the relative location of the regions of sequence identity in the midst of otherwise nonidentical sequences affects the recombination rate (J. Zhang All experiments with defined templates run into the inescapable problem of local sequence effects, which I have already indicated are an important feature of the reverse transcriptase growing point transfers. Thus, any experimental rates are the average for a particular template.
[It should be noted that the comparisons of spleen necrosis and bovine leukemia viruses discussed above was done with the exact same template but in the opposite orientation (L. M. Mansky and H.M.T., unpublished data).]
Given this problem, we have measured the rates of each of these steps in a single cycle of replication of a simpler avian retrovirus. The rates are expressed as mutations per base pair per replication cycle and are as follows: base-pair substitutions, 1 x 10-5; frameshifts, 1 x 10-6; deletions, 2 x 10-6; deletions with insertions, 1 x 10-6; homologous recombination, 2 x 10-4; nonhomologous recombination, 5 x 10-8; recombination of a limited sequence identity in the midst of otherwise nonidentical sequence, 6 x 10-6 (refs. 21, 31, and 41; J. S. Jones, R. W. Allan, and H.M.T., unpublished data; J. Zhang and H.M.T., unpublished data).
In terms of the strand-transfer hypothesis, the most informative rates are perhaps the rates of frameshifts. In the formation of a frameshift within a run of 10 thymines or 10 adenines, the sum of the rates of formation of the metastable state and the probability of continuing misincorporation is =20% (ref. 21 ; D. P. W. Bums and H.M.T., unpublished data). A simple interpretation of this result would be that there is a 40%o probability of the reverse transcriptase growing point entering the metastable state for each 10 thymines or adenines incorporated and a 50o probability of slippage within the run. (I assume that the probability of a mistaken polymerization is <50%Io.) The lower rates of the genetic processes other than frameshifts discussed in this article would reflect the lower probability that the reverse transcriptase growing point would make an inappropriate transfer to resolve the metastable state in the absence of a nearby run of the same nucleotide.
In contrast, the rate of base-pair substitution would first include misincorporation, which would induce the metastable state of the reverse transcriptase growing point, and then resolution of the metastable state by readthrough or transfer controlled by the local and nearby sequences.
Summary
Retroviruses developed reverse transcriptase growing point transfers to form a provirus that is autonomous with respect to cis-acting sequences for transcription; that is, the enhancer/promoter sequences in viral DNA are copied from the viral RNA genome. This strandtransfer process can occur during polymerization of internal sequences as well as during primer synthesis. The rate of transfer and the genetic effects of the transfers depend on the local nucleotide sequence, distant or foreign sequences, and the sequence of the second RNA strand in the dimer. On the average, a simpler retrovirus seems to have for each round of replication at least one additional transfer that can have a genetic effect in addition to the two transfers required to make the LTRs and primers.
Retroviruses have made a virtue of necessity by using the reverse transcriptase growing point transfer mechanism both in their replication and in their high rate of mutation. The AIDS epidemic is just one striking expression of this ability.
